The rescue of replication forks stalled on the template DNA was investigated using an assay for synthetic lethality that provides a visual readout of cell viability and permits investigation of why certain mutations are lethal when combined. The results presented show that RecA and other recombination proteins are often engaged during replication because RecA is present and provokes recombination rather than because recombination is necessary. This occurs particularly frequently in cells lacking the helicase activities of Rep and PriA. We propose that these two proteins normally limit the loading of RecA on ssDNA regions exposed on the leading strand template of damaged forks, and do so by unwinding the nascent lagging strand, thus facilitating reannealing of the parental strands. Gap closure followed by loading of the DnaB replicative helicase enables synthesis of the leading strand to continue. Without either activity, RecA loads more frequently on the DNA and drives fork reversal, which creates a chickenfoot structure and a requirement for other recombination proteins to re-establish a viable fork. The assay also reveals that stalled transcription complexes are common impediments to fork progression, and that damaged forks often reverse independently of RecA.
DNA replication fork complexes are intrinsically processive but often encounter problems that damage the fork and provoke recombination. This recombination may be necessary in some cases to complete replication and maintain viability, but a number of studies have suggested that recombination proteins may also target stalled forks and initiate exchanges when there is no need. They may even cause harm by provoking unequal exchanges between repeated sequences (Rothstein et al. 2000; Fabre et al. 2002; Doe and Whitby 2004; Schmidt and Kolodner 2004) . Faithful duplication of the genome may rely therefore not only on the ability to minimize impediments to fork progression and to rescue any forks that have been damaged, but also to limit unnecessary recombination. Failure to do so can be catastrophic for genome stability and cell survival-for instance, it may lead to cancer predisposition and premature aging in humans, as with Bloom's syndrome (Chakraverty and Hickson 1999) .
A clear picture of how replication and recombination can become entangled is emerging through studies of how forks are rescued in Escherichia coli (Kowalczykowski 2000) . Damaged forks recover via mechanisms that rely ultimately on either PriA or PriC. These two proteins facilitate assembly of the replicative machinery. They target branched DNA, either a fork or a D-loop generated by recombination, and therefore have the potential to initiate replication at any point along the chromosome where such structures arise (Liu and Marians 1999; Marians 2000; Heller and Marians 2005a) . They do so by loading the DnaB replicative helicase, the first step in the assembly of a replisome (Fig. 1A) . PriA favors forks with a 3Ј leading strand hydroxyl at the branch point ( . PriC prefers a fork with a gap in the leading strand, a situation likely to arise when synthesis of the leading strand is blocked while the lagging strand continues to grow (Pages and Fuchs 2003) . It also enables DnaG to prime the leading strand de novo, which may allow leading strand synthesis to resume downstream of a blocking lesion, as envisaged for lagging strand synthesis, leaving a gap in the nascent strand ( PriA also has a 3Ј-5Ј helicase activity, and may unwind a lagging strand at a fork to make room for DnaB (Zavitz and Marians 1992; McGlynn et al. 1997; Gregg et al. 2002; Cadman et al. 2005) . However, Rep helicase has the same polarity and might do the same job (Fig. 1C, panel vi; Heller and Marians 2005b) . PriC has no helicase activity but could load DnaB at a fork with a lagging strand with the aid of Rep or PriA (Fig. 1C, panel vii) . Genetic studies are consistent with both Rep-PriC and PriA-PriC pathways (Sandler 2000) .
Some processing of a stalled fork may be needed to remove or repair any impediment to progression before loading DnaB. RecA recombinase, RecG translocase, or the positive supercoils ahead of the fork may force the branch point back far enough for this to occur, and establish a "chickenfoot" structure that RecBCD, RuvABC, and other recombination proteins may process to restore a fork or form a D-loop ( Fig. 1B ; Seigneur et al. 1998 Seigneur et al. , 2000 McGlynn and Lloyd 2000; McGlynn et al. 2001; Robu et al. 2001 Robu et al. , 2004 . However, the extent to which these events are necessary is far from clear. In this report, we show that Rep and PriA helicase activities are key factors in determining whether recombination proteins are brought into play. Without Rep in particular, RecA initiates recombination even though the need to do so may not exist.
Results
We investigated how recombination may be engaged during replication using a synthetic lethality assay based on pRC7 (Fig. 1D) , an unstable mini-F plasmid that is rapidly lost (Bernhardt and de Boer 2004) . It carries the lac + genes, and therefore its loss is revealed in a ⌬lac background by segregation of Lac − clones. On plates containing the ␤-galactosidase indicator, X-gal, these clones form white colonies or white sectors within blue (Lac + ) colonies (Fig. 1E) , depending on whether plasmid loss occurred before or after plating. We made derivatives carrying wild-type alleles of genes of interest to cover a chromosomal mutation before introducing mutations at other, uncovered loci. Synthetic lethality between the covered and uncovered mutations is indicated when plasmid-free segregants fail to grow, with the result that the construct yields uniformly blue colonies (Bernhardt and de Boer 2004) .
We first made a priA + derivative of pRC7 to cover a deletion (priA + /⌬priA). Cells lacking PriA have reduced viability (Sandler 2000) , and so the plasmid should confer a growth advantage. On plating on X-gal, this advantage was demonstrated by the fact that white colonies from plasmid-free segregants are much smaller than blue colonies and also fewer in number than when priA + is on the chromosome (Fig. 1F , panels i,ii). This construct enabled us to delete priC or rep. Both derivatives yield healthy blue colonies but no white colonies (Fig. 1F , panels iii,iv), indicating that only cells retaining the plasmid can grow.
These data provide compelling visual evidence of the inviability of cells lacking both PriA and PriC, or PriA and Rep (Sandler 2000) . They also validate the assay. Thus, the priA + clone segregates as freely as pRC7 when the chromosome carries priA + (Fig. 1F, panel i) . Indeed, none of the constructs we made is any more stable than pRC7. Some segregate even more freely, which increases the sensitivity of the assay. Figure 1F , panel ii, shows that when viability is reduced but not abolished, cells carrying the plasmid often form colonies that appear uniformly blue. This is explained by the more robust growth of these cells, which engulfs any white sectors. We also found that the priA + plasmid-in fact, any of the pRC7 derivatives made-may integrate into the chromosome to give stable blue colonies (data not shown). However, this is very rare and produces much deeper blue colonies than those caused by synthetic lethality, which are diluted by abortive growth of plasmid-free cells. Nevertheless, we took care to confirm synthetic lethality by making independent constructs, by combining the mutations in the chromosome under plasmids covering different loci, and by attempting to combine them without any covering plasmid.
Low viability of cells lacking PriA and Rep helicase activities
The helicase activities of PriA and Rep provide means to unwind a lagging strand at a stalled fork and thus create room for DnaB ( Fig. 1C ; Heller and Marians 2005a,b) . Therefore, cells lacking both activities might find it difficult to restart replication. To test this, we made a priA300 rep strain, covering priA300 with the priA + derivative of pRC7 before introducing rep. The priA300 allele encodes PriA K230R , which lacks helicase activity but retains the ability to load DnaB (Zavitz and Marians 1992) , consistent with priA300 cells lacking the severe defects of priA-null mutants (Sandler 2000; Sandler et al. 2001 ). The construct yields robust blue colonies and small white colonies (Fig. 1F, panel v) , much smaller than those of priA300 and rep controls (Fig. 2G) . But, these white colonies can be subcultured. Indeed, a priA300 rep strain can be made without the plasmid (Supplementary Table S1 ), as reported (Sandler 2000) .
Broth cultures of such constructs contain reduced numbers of viable cells ( Fig. 2A,B ) and accumulate suppressors (Fig. 2C) , the identities of some of which are revealed later. The cells are elongated and display aberrant nucleoid segregation, or lack DNA (Fig. 2D ), but they survive UV irradiation almost as well as rep cells (Fig.  2F ). Together, these data demonstrate that the viability of cells lacking PriA and Rep helicases is much reduced, consistent with their having a difficulty in rescuing stalled forks.
Viability is maintained by recombination
At a D-loop, there is normally no need for a helicase to expose a landing pad for DnaB (Liu and Marians 1999 Fig. 2G ; data not shown), indicating synthetic lethality and consistent with recombination being essential. The effects of knocking out different components of RuvABC are the same, which suggests junction cleavage is required. Controls revealed priA300 ruv and rep ruv cells are viable ( Fig. 2G ) but much more sensitive to UV light than ruv cells (Fig. 2F) . This supports the idea that Rep and PriA helicases can act independently to reduce the need for junction resolution.
We also removed RecD, which abolishes the exonuclease activity (ExoV) of RecBCD but not its recombinase function. It reduces viability (Fig. 3A) . We believe this reflects a specific need for a D-loop with an exposed lagging strand template, as would be generated by RecBCDRecA recombination of a reversed fork (Fig. 1B) . Without the ExoV activity, the RecBC-RecA reaction might deliver a D-loop with the 5Ј strand of the initiating duplex paired with the displaced strand (Fig. 3B ). Without Rep, and no helicase activity of its own, PriA K230R would then have difficulty finding a landing pad for DnaB.
RuvABC and RecBCD are essential only when RecA is present
In contrast, a recA-null allele improves growth of priA300 rep cells, and even confers viability on their ruv derivatives (Fig. 3C) . Thus, it appears RecA causes the defects in these cells. We could not test recA in the priA + /priA300 rep recD construct because the combination of rep, recD, and recA is lethal (Uzest et al. 1995) . Our results show that RuvABC is responsible for this lethality, since we could introduce recA provided we first eliminated RuvABC. The ruv derivative does not segregate white colonies, but the ruv recA derivative does ( Fig. 3D ), which demonstrates that priA300 rep recD ruv recA cells are viable. These findings reveal that RecA acts before RecBCD and RuvABC, and provokes recombination regardless of the need to do so, thus making RuvABC essential. Two additional lines of investigation support this conclusion.
The RecFOR proteins are required for RecA to have a negative effect
RecA can be loaded directly on single-stranded DNA (ssDNA) exposed by RecBCD recombinase activity. With the aid of the RecF, RecO, and RecR proteins, it may also be loaded on ssDNA exposed during replication of damaged DNA and coated with SSB protein (Morimatsu and Kowalczykowski 2003) . Figure 3E shows that a recF mutation improves growth of priA300 rep cells. This is opposite to the effect of recB. Furthermore, it removes the need for RuvABC. Essentially identical results were obtained using null alleles of recO and recR. Indeed, mutations at these loci were identified among suppressors of priA300 rep ( Fig. 2C ; data not shown). These data suggest RecA is loaded on ssDNA exposed during replication in priA300 rep cells.
Such RecA loading would be expected to provoke recombination and also to induce the SOS repair response (Sassanfar and Roberts 1990) . Analysis of ␤-galactosidase synthesis from lacZ fused to the SOS-induced sfiA gene revealed chronic amplification of SOS in priA300 rep cells (Fig. 2E ). This is consistent with the extensive cell filamentation (Fig. 2D) . However, preventing SOS induction with a lexA3 mutation does not increase viability, and RuvABC remains essential (Fig. 3F ). This contrasts sharply with the effect of recFOR mutations, which also limit SOS induction. Therefore, chronic SOS expression cannot be the major reason why RecA has a negative effect on growth, which leaves RecA recombinase activity as the likely factor.
RecA provokes recombination in the absence of Rep helicase
To investigate whether RecA drives recombination, we exploited strains deleted for both RecG and RuvC. Such strains lack means to process recombination intermediates, and so exchanges initiated by RecA would be expected to prevent chromosome segregation, and thus reduce viability (Lloyd 1991) . We covered a deletion of ruvC with a ruvC + derivative of pRC7 before eliminating recG. This construct yields healthy white colonies (Fig.  4A, panel i) , which indicates there is insufficient recombination during normal growth to seriously compromise viability. Adding ⌬rep reduces the yield of white colonies dramatically. The rare examples are tiny and impossible to culture without accumulating suppressors (Fig.  4A , panel ii). The effect is reversed when recA or recF is inactivated. In both cases, there is good recovery of very healthy white colonies (Fig. 4A , panels iii,iv). We repeated the studies using pRC7 constructs encoding RecG, RuvAB, or RuvABC to cover mutations eliminating these proteins, with essentially identical findings (data not shown). We conclude that when Rep is missing, RecA is loaded on ssDNA exposed during replication and provokes recombination even though this recombination is not required to maintain viability.
Recent studies have shown how the presence of SSB on the leading strand template of a fork directs Rep to unwind the nascent lagging strand (Heller and Marians 2005b) . We suggest Rep specifically targets a damaged fork with no leading strand at the branch point and unwinds the lagging strand, allowing the parental strands to reanneal (Fig. 4B) . Without Rep to close the gap efficiently, RecA loads on the leading strand template with the aid of RecFOR and catalyzes homologous pairing and strand exchange with the sister duplex. The fork is driven backward and a chickenfoot structure is established, thus bringing RecBCD, RecA once more, and RuvABC into play.
Replication fork rescue in the absence of Rep
A strain lacking Rep is quite healthy, and so if it experiences replication fork reversal by RecA, any chicken- (Fig. 4C) . We employed the pRC7-based assay to investigate these possibilities. Our results show that pathways involving duplex DNA digestion or the formation and processing of Holliday junctions are indeed the only ones that can maintain viability. Thus, a rep strain is inviable if RecD and both RuvABC and RecG are elimi- nated (Fig. 4D, panel i) . The absence of RecD eliminates the few white colonies seen with rep recG ruv cells (Fig.  4A) .
The results also indicate that no one activity predominates. Thus, eliminating RecG, ExoV, or RuvC alone causes at most a minor reduction in viability (Fig. 4D  [panel ii] , E [panels i,ii]). Removing both ExoV and RecG has a greater effect (Fig. 4E, panel iii) , indicating that fork rescue is now limited. Removing both ExoV and RuvC is extremely limiting (Fig. 4E, panel iv; data not shown). In this latter case, eliminating RecA restores robust viability (Fig. 4F, panel i) , confirming that RecA is responsible for the very low viability. The fact that RuvAB and RecG are present would seem to imply that branch migration is not an effective way to restore a viable fork. However, RuvAB normally forms a complex with RuvC to cleave Holliday junctions, and without it might act aberrantly. Therefore, we analyzed a ruvABC + /⌬ruvABC rep recD construct. This yields robust white colonies (Fig. 4F , panel ii), but only if RecG is available (Fig. 4D, panel i) . Thus, RecG may be able to restore a fork very effectively (Fig. 4C) . Its inability to do so in rep recD ruvC cells suggests that RuvAB fails to drive branch migration, or drives unproductive migration. Either way, it blocks RecG.
Our analyses also provided insight into two observations reported previously and that we confirmed during this study. The first is the inviability of rep recD recA cells (Fig. 4F , panel iii; Uzest et al. 1995) . Viability is restored if any component of the RuvABC complex is removed (Fig. 4F , panel iv; data not shown), which means that Holliday junction cleavage is responsible for the lethality. Since there is no RecA to drive fork reversal or form Holliday junctions by recombination, this result also reveals that most cells nevertheless suffer fork reversal. With no ExoV, any chickenfoot is likely to persist, increasing the likelihood of junction cleavage and hence fork breakage by RuvABC (Fig. 4C) . With no RecA, there is no possibility for rescue by recombination, and the cell is dead. This interpretation is consistent with the reported RuvABC-induced chromosome breakage detected in cells lacking Rep and RecA (Seigneur et al. 2000) .
The second observation is that rep recB cells are inviable, but can be rescued by removing RuvAB or both RuvAB and RuvC, but not RuvC alone (Fig. 4G , panels i,ii; Seigneur et al. 1998 ; data not shown). The inviability of rep recB cells can be explained by RuvC-mediated fork breakage independently of RecA, as proposed for rep recD recA cells. Indeed, eliminating RecA does not improve the viability of rep recB cells (Fig. 4G, panel iii) . It also does not appear to substantially affect the viability of rep recB ruv cells (Fig. 4G , panel iv; data not shown). We assume the reason why removing RuvC alone does not help rep recB cells is because RuvAB blocks RecG, as in rep recD ruvC cells (Fig. 4E, panel iv) . It is significant that RuvAB does not similarly interfere in a rep recD recA ruvC cell (Fig. 4F, panel i) . Perhaps unwinding of the nascent duplex of the chickenfoot by RecBC dislodges any RuvAB at the junction.
Gap filling at forks
Recent studies suggest the possibility that both leading and lagging strand synthesis may be discontinuous under certain circumstances, leaving gaps in the nascent strands to be filled in by recombination (Fig. 1C , panels iv,v; Heller and Marians 2006) . Our finding that rep recB ruvABC recA cells (white colonies) grow despite having no RecA (Fig. 4G, panel iv) implies a majority can replicate the chromosome without leaving a single gap. However, gaps might be formed at forks, but be closed again before replication continues. RecQ and RecJ might close a leading strand gap by unwinding and removing the lagging strand, enabling the parental strands to anneal (Courcelle and Hanawalt 1999) . We therefore combined recA with recQ and recJ mutations in a priA + /priA300 rep construct to assess whether this would reduce viability. The constructs yield white colonies ( Fig. 5A ; data not shown). These are as robust as those produced by a priA + /priA300 rep recA construct (Fig. 3C) . If gaps have to be closed at forks, we suspect they are not closed by RecQ and RecJ. However, they could be closed by a polymerase capable of bypassing any blocking lesion. We used the same type of analysis to test Pol II (PolB), Pol IV (DinB), or Pol V (UmuDЈC), all of which have lesion bypass activity (Rangarajan et al. 2002) . None is required to maintain the viability of priA300 rep recA cells ( Fig. 5B ; data not shown). We could not test DNA polymerase I because polA recA cells are inviable (Lloyd et al. 1974 ). Therefore, we cannot exclude the possibility that gaps are formed but are closed by Pol I in much the same way that Pol I helps to complete lagging strand synthesis. 
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DnaB loading and gap closure
The possibility of a gap appearing in the leading strand arises because the PriC system of DnaB loading at a stalled fork may prime synthesis de novo (Heller and Marians 2006) . We assumed this would happen rarely in priA300 rep cells because PriC would be ineffective without the helicase activity needed to load DnaB, forcing viability to rely instead on recombination (Figs. 1B,  2G, 3) . To test this, we deleted PriC. Surprisingly, this proved lethal (Fig. 5C, panel i) . Given that survival depends on recombination, this finding implies it is PriC that loads DnaB at the D-loop formed, not PriA K230R . However, PriC would be expected to do so inefficiently because a 3Ј-OH is likely to be present at the branch point (Heller and Marians 2005a) . We suggest this is why priA300 rep cells have such low viability. Why PriA K230R is unable to act is not clear.
We also eliminated PriC from priA300 and rep single mutants. The priA300 priC cells proved healthy (Fig. 5C , panel ii), which suggests PriA K230R is able to load DnaB efficiently when Rep is present. We assume Rep unwinds the lagging strand of any stalled fork to provide a landing pad on which PriA K230R can load DnaB. Figure 5C , panel iii shows that rep priC cells are also healthy, as demonstrated previously (Sandler 2000) , which is not surprising as they have PriA to load DnaB. Since frequent reversal of a fork would be expected without Rep present, this result also suggests that recombination followed by PriA-mediated loading of DnaB at a D-loop is a very effective way of dealing with a chickenfoot structure.
We deleted RecA to see if recombination is necessary. It made no difference to priA300 rep priC cells (Fig. 5C , panel iv). They remain inviable, which given they have no means to load DnaB is to be expected. However, removing RecA also has no visible effect on the viability of priA300 priC and rep priC cells (Fig. 5C, panels v,vi) , which implies that they can replicate their DNA without any need for recombination. Taken together, the results of these assays indicate that by unwinding the lagging strand of a stalled fork and loading DnaB, the combined actions of Rep, PriA, and PriC can rescue forks most of the time without leaving a single gap in the DNA, or at least no gap that needs recombination for its repair.
RNA polymerase (RNAP) complexes are major impediments to fork progression
The low viability of cells depleted of PriA, and their inviability if also depleted of Rep or PriC (Fig. 1F) , implies that replication forks are frequently damaged during normal growth. We exploited the pRC7-based assay to investigate whether this might result from collisions with stalled RNAP complexes, as suggested by Trautinger et al. (2005) . We examined strains lacking both GreA and GreB and therefore limited in their ability to reactivate backtracked RNAP complexes efficiently, or lacking DksA and therefore limited in the ability of open complexes to escape certain promoters (Marr and Roberts 2000; Perederina et al. 2004) , and asked whether they required recombination for growth. The results revealed that these cells rely on RecBCD, RecA, and PriA to stay alive (Fig. 6A, panels i-vi) .
The viability of greA greB cells is not noticeably affected by eliminating RuvABC or RecG alone (Fig. 6B , panels i,ii), but eliminating both is lethal (Fig. 6B, panel iii), consistent with some means of processing Holliday junctions being essential. However, removing RuvABC enables recB + /recB greAB and recA + /recA greAB constructs to yield robust white colonies (Fig. 6B, panels  iv,v) . This suggests RuvC-mediated Holliday junction cleavage is responsible for the low viability of greAB recB and greAB recA cells. To test this, we replaced RuvABC with RusA resolvase, using a rus-2 insertion to activate the quiescent rusA gene (Mahdi et al. 1996) . The construct yields predominantly blue colonies with a small fraction of tiny white colonies (Fig. 6B, panel vi) . RusA has no intrinsic branch migration activity and cleaves Holliday junction structures with high specific- ity (Bolt and Lloyd 2002) . Thus, we conclude that viability is reduced as a result of junction cleavage.
These data may be explained if a fork collides with an array of stalled or backtracked RNAP complexes and then reverses to form a chickenfoot. RuvABC cleaves the junction, breaking the fork and forcing recovery via recombination and PriA-mediated loading of DnaB at a Dloop (Fig. 7A, panel i) . Without RuvABC to break the fork, RecG may drive the fork back to where it was blocked, enabling PriA to load DnaB without recombination.
This model predicts that reducing the intrinsic stability of RNAP should reduce the number of damaging collisions and therefore the need for recombination. We investigated this using the rpo*35 mutation, which produces an RNAP that forms less stable transcription complexes (Trautinger et al. 2005 It also improves growth of priA ruv cells, which are viable but very sick (Fig. 7B, panels iii,iv), as reported previously (Gregg et al. 2002; Grompone et al. 2004b ). However, removing RecA leads to an even greater improvement (Fig. 7C, panel i) , consistent with recombination being largely responsible for the low viability. Significantly, and regardless of whether RuvABC is present or not, combining rpo*35 and recA mutations makes PriA effectively redundant, as there is no obvious growth advantage to be gained from retaining the priA + plasmid (Fig. 7C, panels ii,iii) . This raises the possibility that forks are now rarely damaged.
To test this, we eliminated PriC or Rep so there would be no means to load DnaB. Removing either proved lethal (Fig. 7C, panel iv; data not shown). These data demonstrate that replication forks are still damaged in rpo* cells and have to be rescued. We assume they collapse spontaneously or run into troublesome sequences that uncouple synthesis by the polymerase subunits (Fig. 7A , panel ii). With PriA, RecA, and RuvABC missing, they could not be rescued by recombination. If there is no lesion in the template, there is no reason why the combined action of Rep and PriC should not rescue the fork directly (Fig. 7A, panel ii) . Rep could unwind any lagging strand, allowing any gap in the leading strand to be However, a fork will often stall for other reasons. Spontaneous dissociation of the leading strand polymerase from the leading strand 3ЈᒑOH might expose the leading strand template. Provided PriA, or Rep and PriC, are present to close the gap and load DnaB, coupled leading and lagging strand synthesis may resume. Without PriA or Rep, there is greater risk of ssDNA remaining exposed. RecFOR may then load RecA (blue ovals), which may drive fork reversal. Alternatively, PriC may load DnaB in a manner that leaves a gap in the nascent leading strand. (B,C) Synthetic lethality assays illustrating how the viability of cells lacking PriA is affected by a mutation (rpo*35) reducing the intrinsic stability of RNAP complexes and by the presence of RecA and RuvABC proteins.
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Discussion
The results presented in this paper reveal rather perversely that RecA and other recombination proteins are often engaged during replication because RecA is present and provokes recombination at damaged forks, and not because recombination is needed to complete chromosome duplication. They also reveal how the helicase activities of Rep and PriA may limit unnecessary deployment of RecA.
Overlapping roles of Rep and PriA helicases
The discovery that Rep is directed to unwind the nascent lagging strand of a fork by the presence of SSB on the leading strand template (Heller and Marians 2005b) suggests Rep may act to limit the aftermath of replication fork arrest rather than to clear the path for replication as suggested previously (Matson et al. 1994) . The data presented in this paper are consistent with this. They indicate that Rep limits the loading of RecA at a damaged fork by facilitating the closure of any leading strand gap (Fig. 4B) . Without Rep, RecA loads on the exposed ssDNA and drives fork reversal. Other recombination proteins are then brought to bear on the reversed fork. Thus, many of the features of Rep-deficient cells may reflect more on the pathological consequences of RecA loading than on the frequency with which recombination proteins underpin replication. Fork reversal may occur in the absence of RecA, but less efficiently, making other recombination proteins somewhat redundant.
Our analysis of priA300 rep cells suggests PriA helicase also limits RecA loading. PriA unwinds the lagging strand of a fork and loads DnaB (McGlynn et al. 1997; Gregg et al. 2002) . Ironically, the absence of this activity may open the door for RecA to drive fork reversal and thus increase the requirement for PriA-mediated restart, which would explain why priA-null cells are so particularly sick and why eliminating RecA makes a significant improvement. Without RecA to drive reversal, the requirement for PriA is reduced.
The DNA-unwinding activity of Rep and PriA, coupled with timely loading of DnaB to restart replication, may be necessary to counter the fact that RecA is an abundant protein designed to bind ssDNA and promote strand exchange. A high basal level of RecA may ensure efficient recombination and repair of damaged DNA, but brings with it the danger that RecA may be loaded at replication forks whenever ssDNA is exposed. The replisome complex has probably evolved to avoid RecA loading on the unwound but still unreplicated lagging strand template (Fig. 1A) . However, specific mechanisms may have to be employed to limit loading on the leading strand template whenever synthesis of the nascent leading strand is disrupted. The timely action of Rep and PriA in the manner we have proposed would have this effect. It would be consistent with the observation made several times during the course of this work that inactivating RecA improves viability, which is not what would be expected if recombination vitally underpins replication.
Eukaryotic cells deploy several helicases (e.g., Sgs1, Srs2, Rrm3, Fbh1) to limit or counter reversal of stalled forks and avoid unnecessary mitotic recombination by Rad51, the eukaryotic homolog of RecA (Fabre et al. 2002; Schmidt and Kolodner 2004; Osman et al. 2005) . Srs2 has been shown to remove Rad51 assembled on ssDNA rather than to prevent Rad51 assembly (Krejci et al. 2003; Veaute et al. 2003) . Some of our results could be explained if Rep were to act in a similar fashion. Recent studies suggest otherwise, revealing instead that RecA is displaced by UvrD helicase (Veaute et al. 2005) . Our suggestion that Rep limits RecA activity is therefore consistent with the extremely poor viability of rep uvrD cells, which may be a consequence of RecA loading by RecFOR (Petit and Ehrlich 2002; Veaute et al. 2005) . However, there is also evidence UvrD may promote fork reversal and subsequent chromosome breakage by RuvABC under certain conditions (Flores et al. 2004) . Thus, by removing RecA from ssDNA exposed at stalled forks, UvrD may also allow other factors to drive fork reversal (Flores et al. 2004) .
Fork stalling and post-replication repair
The idea that recombination proteins can be brought into play unnecessarily does not belie the fact that there are occasions when their activity is vital. Indeed, our analysis of how viability is affected by RNAP modulators suggests they often have to deal with the aftermath of collisions between replication forks and stalled transcription complexes. Recombination is also needed to repair broken forks and close any gaps left in the daughter duplexes. At first sight, the fact that >60% of cells in cultures of recA mutants are viable would suggest events leading to breaks or gaps do not occur every cell cycle. However, the high viability may be misleading if RecA causes some of these events.
RecA-mediated recombination is clearly important for the survival of UV-irradiated cells. Indeed, all the cells lacking RecA, RecBCD, or RuvABC we studied are sensitive to UV ( Fig. 2F ; results not presented). In the classical Rupp and Howard-Flanders model, replication forks proceed in UV-irradiated cells, leaving gaps in the daughter duplexes to be filled in by strand exchange (Fig. 1C , panels iv,v; Rupp et al. 1971) . Analysis of the DNA made immediately after irradiation reveals the nascent strands are initially of low molecular weight, but increase to match the bulk chromosomal DNA within 30-60 min post-irradiation incubation, consistent with the model. However, Khidhir et al. (1985) showed most of this DNA synthesis depends on DnaA, which suggests it is made by new forks assembled at oriC. The pre-existing forks do recover provided RecA is available, but may take up to 90 min to complete replication (Khidhir et al. 1985) , indicating they stall and undergo extensive processing before restarting synthesis. Therefore, measures of net DNA synthesis after UV irradiation need to be adjusted for origin firing before any effect on existing fork progression can be assessed.
The data presented here and elsewhere (Seigneur et al. 1998 (Seigneur et al. , 2000 Flores et al. 2001; Grompone et al. 2004a,b) strongly support the view that arrested forks undergo extensive processing by recombination proteins before DNA replication can restart. Admittedly, these studies have examined unirradiated cells, but fork progression may face similar problems as a result of endogenous DNA damage or encounters with troublesome sequences or transcription complexes.
A likely scenario for UV-irradiated cells is that the leading strand template is exposed when a fork encounters a lesion blocking synthesis by the leading strand polymerase. Because leading and lagging strand synthesis are normally coupled, fork progression is brought to a halt (Khidhir et al. 1985) . With no immediate means to extend the leading strand past the noncoding UV lesion, gap closure via Rep and PriA helicase activities may be futile, with the result that RecA is brought into play. RecA loading, SOS induction, fork reversal, and processing of the chickenfoot by RecBCD, RuvABC, and RecG would provide means and time for the UvrABC excision repair proteins to remove the blocking lesion, and most lesions remaining downstream, thus clearing the way for chromosome replication to be completed without further hindrance. Given the first lesion encountered will be in the lagging strand template 50% of the time, and DnaG enables lagging strand synthesis to resume downstream, the cell may also have to rely on RecA to close the resulting lagging strand gap as in the Rupp and Howard-Flanders model. If DnaG occasionally primes leading strand synthesis in the same way, the need for gap repair may be increased (Heller and Marians 2006) . However, the viability of cells lacking PriA, RecA, and RuvABC, and their dependence on PriC (Fig. 7C) , indicate that de novo priming of the leading strand is not a common event during normal growth, consistent with the textbook model of replication, or leaves gaps that can be closed without recombination.
Replication fork breakage
A number of studies have indicated that RuvABC may induce replication fork breakage when replication forks arrest. However, substantial breakage is usually detected only when the exonuclease activity of RecBCD is missing (Seigneur et al. 1998 (Seigneur et al. , 2000 . This indicates that RecBCD normally acts before RuvABC. Consistent with this, some of the constructs we analyzed revealed a requirement for the ExoV activity of RecBCD to maintain viability (Figs. 3, 4 ; results not presented). This is certainly true of rep recA strains, but only because RuvABC is present. Without RuvABC, neither ExoV nor indeed RecBCD is required (Fig. 4F,G) . However, we also found that the Holliday junction cleavage by RuvABC confers inviability on cells lacking both RecA and the transcription factors GreA and GreB (Fig. 6 ). This observation implies not only that Holliday junctions are formed in these cells despite the absence of RecA but also that these junctions are targeted and cleaved by RuvABC despite the presence of RecBCD. Taken together, these and other results we have presented indicate that measures of DNA breakage in recA strains may be misleading given RecA itself can be such a strong driver of fork reversal.
There is no denying that RecBCD is likely to target the nascent duplex of a reversed fork and that its absence increases the opportunity for RuvABC to break the fork. Whether its ExoV activity alone can efficiently re-establish a viable fork for replication restart is less clear. The motor activity of RecBCD is extremely powerful (Spies et al. 2003) and might not stop when it reaches the branch point of a reversed fork. Indeed, it may drive further reversal until an encounter with a Chi sequence triggers recombinase activity (Singleton et al. 2004 ). Thus, RecBCD may usually reset a fork via recombination. Without RecA, the ExoV activity might establish a viable fork, but then without RecA driving fork reversal, there might be less need to do so.
Materials and methods

Strains and plasmids
Bacterial strains are listed in Supplementary Table S1. All constructs used for the synthetic lethality assay are derivatives of E. coli K-12 MG1655 ⌬lacIZYA (Bernhardt and de Boer 2004) carrying pRC7 or one of its derivatives. Chromosomal genes were inactivated in these constructs using deletion alleles or Tn10 insertions. pRC7 (Fig. 1D) is a low-copy-number, mini-F derivative of pFZY1 (Bernhardt and de Boer 2004) . Wild-type priA, rec, ruv, and rep genes were inserted either at the multiple cloning site (MCS) in the lac promoter or at the ApaI sites within lacI q , as described in the Supplemental Material.
Media and general methods
Growth media and methods for monitoring cell growth, P1vir transduction, determining sensitivity to UV and mitomycin C, and measuring SOS induction in sfiAϻlacZ fusion strains have been cited (McGlynn and Lloyd 2000; Trautinger et al. 2005) . The number of colony-forming units (cfu) in LB broth cultures grown to mid-exponential phase (A 650 0.4) was determined by spotting 10-µL aliquots of serial 10-fold dilutions, from 10 −2 to 10 −5 , on LB agar and incubating for 18 h at 37°C before photographing the plates and counting colonies.
Synthetic lethality assay
Stock cultures of strains carrying pRC7 or one of its derivatives were diluted 80-fold in LB broth and grown with no ampicillin selection to A 650 0.4 before plating dilutions on LB agar supplemented with X-gal and IPTG. Plates were photographed and scored after 48 h of incubation. Unless stated otherwise, white colonies formed by plasmid-free cells could be subcultured on LB agar. cence and phase contrast images were captured using an Olympus BX51 microscope.
